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Understanding Arctic stratiform liquid-bearing cloud life cycles and properly representing these life cycles in
models is crucial for evaluations of cloud feedbacks as well as the faithfulness of climate projections for this
rapidly warming region. Examination of cloud life cycles typically requires analyses of cloud evolution and
origins on short time scales, on the order of hours to several days. Measurements from the recent
Multidisciplinary drifting Observatory for the Study of Arctic Climate (MOSAIC) expedition provide
a unique view of the current state of the central Arctic over an annual cycle. Here, we use the MOSAIC
radiosonde measurements to detect liquid-bearing cloud layers over full atmospheric columns and to
examine the cloud-generating air masses’ properties. We perform 5-day (120 h) back-trajectory
calculations for every detected cloud and cluster them using a unique set of variables extracted from
these trajectories informed by ERA5 reanalysis data. This clustering method enables us to separate
between the air mass source regions such as ice-covered Arctic and midlatitude open water. We find that
moisture intrusions into the central Arctic typically result in multilayer liquid-bearing cloud structures and
that more than half of multilayer profiles include overlying liquid-bearing clouds originating in different
types of air masses. Finally, we conclude that Arctic cloud formation via prolonged radiative cooling of
elevated stable subsaturated air masses circulating over the Arctic can occur frequently (up to 20% of
detected clouds in the sounding data set) and may lead to a significant impact of ensuing clouds on the
surface energy budget, including net surface warming in some cases.
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1. Introduction

Characterization of Arctic stratiform liquid-bearing cloud
life cycles is an essential component of understanding
ocean—cryosphere—atmosphere feedbacks and present
and projected regional and global climate patterns (e.g.,
Bennartz et al., 2013; Kay et al., 2016; Lenaerts et al., 2017;
Tan & Storelvmo, 2019). While the radiative forcing of
Arctic clouds has been linked to the ensuing extent of
Arctic sea ice in the following season or year (e.g., Kay et
al., 2008; Persson, 2012; Cox et al., 2016), examination of
cloud life cycles often requires the analysis of shorter term
patterns. At these short time scales, on the order of hours
to several days, polar liquid-bearing cloud (henceforth
referred to as cloud) fields frequently impose intense
instantaneous surface radiative forcing (e.g., Intrieri et
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al., 2002; Shupe and Intrieri, 2004; Dong et al., 2010;
Miller et al., 2015; Turner et al., 2018; Silber et al.,
2019a) and have been shown to impact ice sheet melt
(e.g., Bennartz et al., 2013; Nicolas et al., 2017) and melt-
water runoff (e.g., Van Tricht et al., 2016). On the other
hand, Arctic cloud occurrence and characteristics also
demonstrate susceptibility to low-level and surface condi-
tions (e.g., static stability and sea ice cover), which can
limit moisture availability (e.g., relative to open water),
influence the exchange of heat with the atmosphere, and
modulate atmospheric stability (e.g., Herman and Goody,
1976; Curry et al., 1996; Schweiger et al., 2008; Kay and
Gettelman, 2009; Kay et al., 2011).

The formation of these clouds can occur as a result of
moisture mass fluxes into the region originating in
warming-induced expanding open-water Arctic sectors
(e.g., Boisvert et al., 2015) or lower latitudes (e.g., Doyle
et al., 2011; Tjernstrom et al., 2015; Rinke et al., 2019),
and/or persistent radiative cooling of subsaturated stable
air (e.g., Curry et al.,, 1996; Garrett et al., 2009; Simpfen-
doerfer et al., 2019). Moisture mass fluxes into the Arctic
are dominated by dynamic intrusion events characterized
by meridional transport of warm and moist air (e.g.,
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Herman and Goody, 1976; Pithan et al., 2018), which are
frequently driven by cyclones (e.g., Woods et al.,, 2013;
Fearon et al., 2021) and can occur year-round (e.g., Pithan
et al,, 2014; You et al., 2021). These intrusion events are
frequently associated with the formation and develop-
ment of low-level clouds able to modulate the thermody-
namic atmospheric profile, a process known as Arctic air
formation (e.g., Curry, 1983; Pithan et al., 2014). During
Arctic air formation, clouds often become optically thick and
can induce strong radiative forcing on (often ice-covered)
Arctic surfaces (e.g., Tjernstrom et al., 2019).

Arctic stratiform cloud formation and persistence is not
limited to warm air advection, which occurs roughly 10%
of the time (Liu and Barnes, 2015). The typical residence
time of moisture over the Arctic ranges between 5 and 8
days, based on different estimates (e.g., Ldderach and So-
demann, 2016; Woods and Caballero, 2016; van der Ent
and Tuinenburg, 2017), suggesting that Arctic air may also
circulate over the region for extended periods. This circu-
lation provides sufficient time for clouds to form near the
surface or at elevated levels via radiative cooling, ulti-
mately driving droplet condensation (e.g., Garrett et al.,
2009; Simpfendoerfer et al., 2019) and the associated
cloud feedbacks.

To date, Arctic cloud occurrence and characteristics
have not been quantitatively linked with cloud formation
mechanisms such as warm moist air intrusion events,
other diffused moisture intrusions with small magnitudes,
or circulating Arctic air with prolonged radiative cooling.
Such a case-by-case approach can benefit case studies and
enable the evaluation of the frequency-wise significance
of different cloud forming mechanisms and sources.

Here, we examine the characteristics of some of these
different cloud formation mechanisms by combining Eu-
lerian observations of the central Arctic atmosphere col-
lected over sea ice during the recent Multidisciplinary
drifting Observatory for the Study of Arctic Climate
(MOSAIC) expedition (Shupe et al., 2020; Shupe et al,
2021) with Lagrangian back-trajectory model calculations.
We estimate the source latitudes of warm moist air intru-
sion events and evaluate the relative occurrence of clouds
forming from prolonged radiative cooling of air circulat-
ing over the Arctic or originating in mid- to high-latitude
continental air.

2. Methodology

2.1. Cloud detection

To detect clouds over the full atmospheric column, we use
the 6-hourly sounding measurements performed during
the MOSAIC field campaign from onboard the Polarstern
vessel between October 4, 2019, and September 19, 2020
(a total of 1,362 sounding profiles; Maturilli et al., 2021).
We exclude from the analysis periods in which the Polar-
stern was transiting very close to the sea-ice edge or over
open water based on the expedition log: September 20 to
October 3, 2019, June 2 to June 10, 2020, July 31 to
August 13, 2020, and September 20 to October 1, 2020.
The sounding measurement profiles are interpolated onto
a 15 m vertical grid, after which cloudy grid cells are
determined using a relative humidity (RH) threshold of

96%, which considers the 4 percentage points measure-
ment uncertainty of the Vaisala RS-41 radiosondes
(Holdridge, 2020) used during MOSAIC. This RH threshold
method was robustly validated against high spectral reso-
lution lidar (HSRL; Eloranta, 2005) measurements in pre-
vious Arctic studies (see Silber et al., 2020; Figure S1) and
also showed good correspondence with the HSRL liquid
cloud base height data product produced for MOSAIC
(Silber et al., 2018; Bambha et al., 2019; Silber et al.,
2021b; see Figure S1 in the Supplemental Material). After
cloudy grid cells are detected, vertically adjoining cloud
layers are concatenated if vertically distant by less than
30 m (approximately 7 raw sounding samples), followed
by the removal of detected layers shallower than 30 m. This
small depth threshold enables the inclusion of commonly
occurring very shallow Arctic layers in the analysis, while
still excluding potential false detections in moist atmo-
spheric layers, in which the air is only slightly subsaturated.

By applying this simple RH-based cloud detection
methodology, we find that 997 profiles in the sounding
data set contain cloud layers. That is a liquid-bearing cloud
occurrence of 73%, approximately 17 percentage points
higher than the occurrence reported over the Arctic sea ice
approximately 2 decades ago based on measurements
from the Surface Heat Budget of the Arctic Ocean (SHEBA,;
Uttal et al.,, 2002) field campaign (see Shupe, 2011). This
different cloud occurrence during MOSAIC relative to
SHEBA could originate in various sources such as the
long-term sea-ice decline or the position of the MOSAiC
deployment onboard the Polarstern vessel relative to the
sea-ice edge or in the Atlantic—Arctic Sector, which re-
quires an in-depth analysis beyond the scope of this study.

A total of 2,107 cloud layers (93% supercooled) are
detected in the sounding data set, half of which (49%)
being of a single cloud layer per sounding profile (see
Figure 1a). Multiple cloud layers are detected in 51% of
the cloud-bearing sounding profiles, a similar occurrence
rate to the SHEBA observations (Shupe et al., 2006), with 2
detected cloud layers occurring in more than 1 of every 5
cloud-bearing profiles, and profiles with 4 or more over-
lying cloud layers occurring in approximately 16% of cases
(Figure 1a).

2.2. Back trajectories

With the information about cloud occurrence over
MOSAIC, we run 5-day (120-h) back-trajectory calculations
using the Hybrid Single-Particle Lagrangian Integrated Tra-
jectory model (Stein et al., 2015) informed by reanalysis
data from ERA5 (Hersbach et al., 2020). When compared
with Arctic surface (2-m), near-surface (10-m), and sound-
ing measurements, ERA5-resolved wind fields essential for
these back-trajectory calculations showed high correlation
coefficients greater than 0.9 and biases smaller than 10%,
up to 0.6 m/s near the surface and 0.3 m/s at higher levels
(e.g., Graham et al., 2019a; Graham et al., 2019b; Renfrew
et al., 2021). While these studies indicated that ERA5
tends to produce relatively larger surface and near-
surface errors, they also found that it generally outper-
forms other reanalysis data sets in the prediction of wind,
temperature, and moisture fields, all of which are used in
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Figure 1. (a) Histogram of the number of liquid-bearing cloud layers detected per sounding profile in the
MOSAIC sounding data set. The number and percentage above each bar designate the total number of profiles and
the percentage relative to all liquid-bearing cloud profiles, respectively. The inset map shows the MOSAIC sounding
release coordinates (black dots) together with the locations of (from top left to bottom right) North America (NA),
Canadian Archipelago (CA), Baffin Bay (BB), Atlantic Ocean (AO), Alaska (AK), Beaufort Sea (BUS), Greenland (GL),
Norwegian Sea (NS), East Siberian Sea (ESS), Laptev Sea (LS), Kara Sea (KS), Barents Sea (BS), Asia (AS), and Europe (EU).
(b) Histogram of the 4 air mass back-trajectory clusters. The color scale represents the distribution of the total number
of cloud layers detected in sounding profiles containing one or more of the clustered air mass (corresponding to
a detected cloud layer), with the mean number of layers given at the base of each bar. The number and percentage
above each bar denote the total number of air masses associated with every cluster and their percentage relative to all
examined air masses (equal to the total number of cloud layers detected in the sounding data set). (c) Similar to the
middle panel, but with the color scale designating the distribution of the number of cloud layers in the sounding
profile associated with the depicted clusters (mean values shown at the base of each bar). Fraction of cloud-bearing
profiles with detected clouds associated with the depicted clusters are represented in the y-axis and corresponding
percentages are given above each bar (note that because a multilayer sounding profile may exhibit clouds attributed
with different clusters, the sum of the fractions is greater than 1). DOI: https://doi.org/10.1525/

elementa.2021.000071.f1

this trajectory analysis. This apparent superiority of ERA5
was indicated even when compared with nonassimilated
observational data (see Graham et al., 2019b).
Considering the typical residence time of moisture in
the atmosphere, the calculated 5-day trajectories likely
cover the vast majority of air mass moisture sources result-
ing in the observed clouds. The back-trajectories are ini-
tialized at the middle of each detected cloud layer. Full
5-day trajectories confined to the polar latitudes (>60°N)
are calculated using the full resolution of the ERA5 data
product (0.25°), while trajectories extending south of
60°N are fully calculated using the 1.00° data product.

2.3. Back-trajectory data set clustering

Once the MOSAIC cloudy air mass back-trajectory data set
is produced, we perform unsupervised clustering of the
resultant trajectories, which enables us to gain insights
into potential cloud sources. The limited number of tra-
jectories (samples) requires a restricted number of

classification input parameters to allow consistent conver-
gence on a set number of clusters. Because the formation
and evolution of polar stratiform clouds depend on air
mass moisture hysteresis and the potential dynamic and
thermodynamic surface influence (e.g., the impact of sea-
ice cover vs. open water), we choose to use 4 variables
calculated using ERA5 data fields (sea-ice cover, specific
humidity, etc.) along air mass back-trajectories as the basis
for the cluster classification:

e Time (in hours) since the last passage over open
water, At,,. Open water grid cells are defined here
as sea-surface grid cells with sea-ice cover fraction
smaller than 0.15. The sea-ice cover fraction data
are determined by ERA5 based on the Opera-
tional Sea Surface Temperature and Sea Ice
Analysis (Donlon et al., 2012). The utilized
threshold of 0.15 is consistent with the definition
by the National Snow and Ice Data Center
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(https://nsidc.org/) of “not ice-covered” over 25
x 25 km discretized grid cells. Note that the
maximum value of Aty is 120 h (5 days).

e The mean sea-ice cover along the trajectory since
the last passage over open water (i.e., during Af),
SIC. Note that under this definition, during At;,
the passage of air masses over continents, which
could serve as a significant source of Arctic
moisture during summer (e.g., Vazquez et al.,
2016; Naakka et al., 2019) reduces SIC.

e The normalized difference between the air mass—
specific humidity (g,) over MOSAIC (ty,0s) and the
last passage over water (o), Ag,, calculated as:
Aq, = tliaml-2l0)

o The normalization mitigates the otherwise strong
seasonal signal of the g, variable. We note that
some seasonal influence still exists in our clus-
tering, mainly owing to the dependence on SIC
and At,.

e The mean ratio of the air mass height (z) to the
planetary boundary layer height (PBLH) along the
trajectory since t,, z/PBLH. The PBLH diagnostic
used here is taken from the ERA5 output
(ECMWE, 2016, Ch. 3.10) and is based on a bulk
Richardson number algorithm proposed by Vo-
gelezang and Holtslag (1996), which was vali-
dated by Seidel et al. (2012). z/PBLH values
smaller than 1 indicate significant coupling with
the surface along the air mass trajectory. Values
larger, but not significantly larger, than 1 could
still suggest some interaction with the surface
during at least part of the air mass advection over
land, open water, or sea ice, as also suggested by
the conceptual model of Arctic air formation (e.g.,
Pithan et al., 2018). For example, the first and
third quartiles of z/PBLH in cases where air
masses have z/PBLH < 1 for at least 1 h are 1.1
and 5.7.

These 4 variables show little correlation with each
other and hence likely enable better coverage of the tra-
jectory parameter space (see contour and scatterplot pa-
nels in Figure 2). For this reason, we omitted the use of
temperature-dependent thermodynamic variables such as
the virtual potential temperature (8,), which presents
a high correlation with g, over the Arctic (e.g., Nygard et
al,, 2020; see also Figure 3a2 and b1). We note that while
ERAS5 seemingly outperforms other reanalysis data sets in
its bulk cloud representation over the Arctic (e.g., Yao et
al,, 2020; Gu et al., 2021), there has been evidence that it
often shows large errors in representing Antarctic super-
cooled cloud occurrence and characteristics in a case-by-
case evaluation, indicating potential-related model weak-
nesses (Silber et al., 2019b). Because an additional evalu-
ation of Arctic supercooled cloud representation in ERA5
is required, we omit condensate diagnostics such as cloud
occurrence, inception time, and condensed water amount
from this back-trajectory analysis.

The 6 h separating consecutive sounding profiles mean
that trajectories from consecutive times are loosely

dependent in most cases, given that from an Eulerian
perspective, most Arctic clouds persist for periods shorter
than 6 h (e.g., Shupe, 2011; Shupe et al., 2011). This
assumption is further supported by a separate analysis
of cloud continuation in consecutive sounding profiles,
performed by allowing cloud base height to change at
a mean rate magnitude smaller than 0.5 cm/s, which
indicated that about 4 out of 5 detected clouds do not
persist in more than a single sounding profile (not
shown).

To perform the classification, we use a Bayesian Gauss-
ian mixture model algorithm with a Dirichlet process prior
(Attias, 2000; Blei and Jordan, 2006; Pedregosa et al.,
2011), which among other advantages enables uneven
resultant cluster sizes. To determine the suitable number
of clusters to use, we run the classification algorithm
using 3-10 clusters and search for the best and most
consistent separation between clusters determined by the
Silhouette Coefficient (Rousseeuw, 1987) calculated for
1,000 iterations of the classification algorithm (a total of
8,000 runs). The classification results using 4 clusters pro-
vide the most robust results with a mean Silhouette Coef-
ficient of 0.25 + 0.01, suggesting that some overlap still
exists between the different clusters. However, confusion
(similarity) matrices calculated for pairs of the first run
with the other iterations (all using 4 clusters) indicate
a small uncertainty of 1%, defined here as the mean per-
centage of false positive or negative cases when treating
the first run as the ground truth. Thus, using 4 clusters, we
receive the best cluster separation (given the input vari-
ables we use) and a high consistency of the classification
results.

3. Results
Figure 1 depicts the occurrence fraction of the 4 resulting
clusters together with the distribution of the total number
of cloud layers per profile containing one or more clus-
tered air masses (Panel b) and the distribution of the
number of cloud layers per profile attributed to the same
cluster (Panel c). For example, a profile with a total of 4
detected cloud layers, 3 of which are associated with Clus-
ter 1 and 1 of which is associated with Cluster 2, would
translate in Panel b to 3 cluster 1 samples equal to 4 and
another Cluster 2 sample equals to 4, while for Panel c,
this profile would be counted as a Cluster 1 sample equals
to 3 and another Cluster 2 sample equals to 1. Figure 4
illustrates the air mass back-trajectory paths associated
with each cluster, while Figure 5 shows density plots of
each cluster over the 5-day trajectory path, the first 12 h of
the trajectory (close to the MOSAIC deployment site on-
board the Polarstern), and the last 24 h of the trajectories
(potential source region). The general attributes of the 4
clusters are given in Table 1, while the likelihood of an air
mass associated with a given cluster to be followed by an
air mass associated with 1 of the 4 clusters in the consec-
utive sounding profile (after approximately 6 h) is shown
in Table 2.

Air masses associated with these 4 clusters can be prin-
cipally described by the following features:
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Figure 2. Cloudy air mass back-trajectory statistics: (from top to bottom or left to right) the period since the
last passage over open water (At;,), the normalized difference between the air mass specific humidity (q,)
over MOSAIC and the last passage over open water (Ag,), the mean ratio of air mass height (z) to the
planetary boundary layer height (PBLH) since the last passage over open water (z/PBLH), and the mean sea-
ice cover since the last passage over open water, SIC (counting overpassed continental regions as sea-ice-
free in averaging; see Section 2.3 for details). The different panels depict qualitative 2-dimensional contoured
histograms (panels below the diagonal panels), qualitative single variable histograms (diagonal panels) and
2-dimensional scatter plots (panels above the diagonal panels). The bar and marker colors designate the 4 air mass
back-trajectory clusters (see legend). The dashed vertical line in Panel b denotes a Aqv value of 0 (no change in specific
humidity), while the dashed and dotted vertical lines in Panel c designate z/PBLH values of 1 (full surface coupling)
and 5 (likely some interaction with the surface below this value; see text), respectively. DOI: https://doi.org/10.1525/
elementa.2021.000071.2

e Clusters 1: moist air intrusions mainly from open e Cluster 3: elevated decoupled air masses mostly
water at low- to high-latitudes onto patchy sea- of coastal or continental origin.
ice-covered regions. e Cluster 4: Arctic air circulating over sea ice.

e Clusters 2: moist air intrusions mainly from open
water at mid- to high-latitudes onto patchy or These air masses are most likely to be followed by air

fully covered sea-ice regions. masses associated with the same cluster (diagonal values
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Figure 3. As in Figure 2 but with the different histograms and scatter plots generated for q,, virtual potential
temperature (0,), height (z), geometrical thickness (h), and the corresponding month of liquid-bearing
cloud layers observed over MOSAIC. DOI: https://doi.org/10.1525/elementa.2021.000071.f3

in Table 2). This result emphasizes the tendency of
synoptic-scale weather patterns to influence the examined
Arctic region for a few days (e.g., Serreze and Barry, 1988;
Simmonds et al., 2008; Papritz and Dunn-Sigouin, 2020),
longer than the 6 h separating consecutive sounding pro-
files. The likelihoods of one or more Cluster 4 air masses to
be observers following or prior to one or more Cluster 1
air masses are 0.02 and 0.07, respectively, which manifest
the fundamental contrasts between these 2 clusters. On
the other hand, Cluster 3 air masses are nearly as likely as
Cluster 1 air masses to overpass the MOSAIC deployment
site following cluster 1 air masses (first row in Table 2)
and also tend to occur following Cluster 2 air masses in
more than 1 of 4 cases (second row in Table 2). This

tendency of Cluster 3 air masses to follow air masses
associated with Clusters 1 and 2 is presumably influenced
by the overlap with some of these two clusters’ air masses
potential continental origin over northern Asia and
Europe.

However, these 2 clusters, each accounting for roughly
one third of all cloud layers detected in the MOSAIC
sounding data set (69% together relative to all cloud
layers; see Figure 1b), primarily represent cases of mois-
ture advection onto the Arctic sea ice from various marine
sources: from the Atlantic Ocean at low- to midlatitudes
and the Norwegian to the East Siberian Sea in the case of
cluster 1 (see Figure 1a’'s inset for orientation), and the
eastern Arctic from the Norwegian to the Laptev Sea with
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Figure 4. Back trajectories associated with each of the 4 clusters. The color scale of the depicted paths represents
the sea-ice cover fraction. DOI: https://doi.org/10.1525/elementa.2021.000071.f4

a number of cases originating in the Beaufort Sea and the
Canadian Archipelago in the case of Cluster 2 (Figures 4
and 5). Thus, the vast majority of the clouds in Cluster 1
and most of the cases in Cluster 2 are likely the results of
poleward warm moist intrusions.

These poleward warm moist intrusions associated with
Clusters 1 and 2 are typified by multilayer cloud profiles as
well as geometrically thicker clouds over MOSAIC (Figures
1b and 3d), with a maximum average of approximately
3.9 layers per profile and an average cloud thickness of
approximately 420 m in the case of Cluster 1. Cluster 3 air
masses also occur in profiles containing a similar number
of cloud layers on average (3.6), but those air masses do
not tend to produce multiple cloud layers simulta-
neously (Figure 1c).

The frequently occurring large number of overlying
cloud layers that also tend to be thicker in Cluster 1 is
likely affected by its associated cases occurring preferen-
tially during the summer months (Figure 3d5 and e). The
larger sectors of the troposphere with relatively greater
temperatures (within the heterogeneous freezing regime)
combined with large amounts of moisture (Figure 3b1)
during summer months (Figure 3a5, b3, and b5) facili-
tate the formation of clouds over MOSAIC at a wide range
of altitudes in cluster 1 (Figure 3c, c2, and e4). This

cluster is characterized by periods of air mass advection
over sea ice prior to the MOSAIC overpass (At,) mostly
shorter than a day (Figure 2a). Most of the sea ice over-
passed by these Cluster 1 air masses is composed of rather
patchy and occasionally probably melting, ice floes (Fig-
ure 2d) and located at relatively lower latitudes (see Fig-
ure 5, middle), thereby enabling a supplemental surface-
based moisture source (open water areas). Such an aug-
menting surface moisture source is most likely relevant
when z/PBLH is small, hence indicating some interaction
with the surface over the course of the air mass trajectory
over sea ice. These cases with potential interaction with
the surface account for approximately half of Cluster 1's
air masses when an arbitrarily selected upper z/PBLH
threshold value of 5 is used (dotted line in Figure 2c).
This large threshold value also considers that ERA5's PBLH
diagnostic is influenced by the relatively large errors in the
representation of near-surface temperatures and temper-
ature inversions over polar regions (e.g., Graham et al.,
2019b; Silber et al., 2019b) and could exhibit uncertainties
greater than 50%, especially in the first several hundred
meters above ground level (see Seidel et al., 2012, their
figure 2).

Even though Cluster 1 is characterized by the greatest
amounts of moisture relative to all other clusters
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(Figure 3a), the clouds formed from the associated air
masses can deposit, via precipitation and/or mixing, only
a limited relative amount of moisture over the sea ice
before the MOSAIC overpass, indicated by the small and
negative Agq, (Figure 2b). This comparatively small loss
of moisture is presumably the result of the short At
(Figure 2a). Ati, is much longer in Cluster 2, allowing
an extended passage of relatively warm and moist air over
colder sea ice and overlying atmosphere, thereby inducing
cloud formation. Precipitation formation and sedimenta-
tion and/or cloud-induced vertical mixing with dryer air
resulting in the removal of moisture from this cluster’s air
masses can consequently lead to significant moisture

removal, suggested by negative E]/,, values with the largest
magnitudes in Cluster 2 relative to the other 3 clusters. We
note that some of these large Ag, magnitudes might be
the result of reanalysis model microphysics that are too
aggressive, resulting in excess production of ice (cf. Silber
et al., 2019b); this topic might benefit from a dedicated
study.

Clusters 3 and 4 also show a large number of cases with
negative Ag, but with smaller magnitudes than in the
warm moist air advection Cluster 2. With a consistent de-
coupled state (Cluster 3; Figure 2c) or at least 5 days
without an open water overpass (Cluster 4; Figure 2a),
the air masses associated with these 2 clusters are
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Table 1. Air mass back-trajectory cluster general attributes. DOI: https://doi.org/10.1525/elementa.2021.000071.t1

Typical Level and

Typical Time Since Open

Cluster Typical Source Coupling (Figures 3c Water Overpass and SIC

Number (Figures 4 and 5) and 2c) (Figure 2a and d) Season (Figure 3d)

1 Low- to high-latitudes, Low- to high-level, <2.0dayswithSIC < 0.9 Year-round; most
mostly marine frequent coupling frequent in April—

September

2 Mid- to high-latitudes, Low- to high-level, >0.5 days with variable SIC Year-round
mostly marine frequent coupling

3 Mid- to high-latitudes, Mid- to high-level, Variable periods with variable SIC  Year-round; most
mostly coastal Arctic or decoupled frequent in June—
continental August

4 Ice-covered Arctic and Low- to mid-level, >5.0 days with SIC > 0.7 Year-round; most

coastal Arctic frequent coupling

frequent in
October—January

SIC denotes mean sea-ice cover since last open water overpass (while counting overpassed continental regions as lack of sea ice in
averaging; see Section 2.3). Relevant figures are provided in the title of each column.

Table 2.The likelihood of an air mass associated with 1 of
the 4 clusters in a given sounding profile (rows) to be
followed by an air mass associated with one of the clusters
in the consecutive sounding profile (after approximately
6 h; columns). DOI: https://doi.org/10.1525/elementa.
2021.000071.t2

Proceeding Cluster
1 2 3 4

1 0.50 0.12 036  0.02
2 0.17 0.41 027 0.5
3 0.18 0.12 063 0.07
4 0.07 0.23 019  0.51

Preceding cluster

All optional pairs are counted separately in multilayer preceding
and/or proceeding profiles, resulting in a total of 7,861 samples.
For example, if the preceding and proceeding sounding profiles
contain 2 and 3 detected layers, respectively, 6 samples would be
added to the calculation. The likelihoods are weighted by the
inverse of the relative occurrence of each proceeding cluster and
normalized such that each row sums up to 1.

generally the driest of all clusters (Figure 3a), with Cluster
4's air masses also being the least potentially energetic
(Figure 3b). The clouds observed over MOSAIC associated
with these 2 clusters tend to be shallower (Figure 3d),
with an average layer thickness of approximately 200 m in
each cluster.

Cluster 4 air masses circulate for a prolonged period
over central Arctic regions characterized by widespread
sea ice (Figures 4 and 5) with very high cover (Figure
2d), which impedes moisture supply, and hence, generally
results in a large potential for moisture loss (e.g., via pre-
cipitation) but little potential for moisture gain. Yet, the
frequent low-level cloud occurrence associated with this
cluster (Figure 3c), the z/PBLH values smaller than 5 in
approximately two thirds of the cluster cases (Figure 2c),

and the positive KZ values in roughly one third of the
cluster’s trajectories (Figure 2b) suggest that some inter-
action with the surface does exist occasionally, surmised to
be related to relatively lesser SIC. This hypothesis is sup-
ported by a separate back-trajectory analysis using 1-h
intervals (not shown) in which we found using the 2-
sample Kolmogorov—Smirnov test (Hodges, 1958) a statis-
tically significant smaller sea ice cover, by 1% on average,
in time steps with positive relative to negative Agq, for
Cluster 4 cases with z/PBLH < 5 (note the nonaveraged
variables), as well as an increasing fraction of positive Ag,
with decreasing z/PBLH. -

As for the results of Cluster 4, positive Ag, values occur
in approximately one third, approximately one fourth, and
half of the air masses associated with Clusters 1, 2, and 3,
respectively (Figure 2b). Similar to some of Cluster 1 and
2's air masses, Cluster 3's air masses mostly originate in
coastal Arctic regions, from the Barents to the Laptev Sea,
or continental regions over eastern Greenland, northern
Europe, the Canadian Archipelago, and northern Asia (Fig-
ures 4 and 5). The latter 2 continental sources are known
as major moisture sources, mainly during summer (e.g.,
Jakobson and Vihma, 2010; Gimeno et al., 2019), during
which these air masses commonly occur (Figure 3e and
e4), and could therefore contribute to the relatively high
frequency of positive Ag, values (Figure 2b). We note that
the predominant decoupled state of Cluster 3's air masses
(Figure 2c) does suggest that the moisture gain mostly
results from mixing with other elevated moister air masses
or the evaporation and/or sublimation of precipitation
from above. The possibility of mixing with moister air
masses is supported by Cluster 3 air masses being more
likely to emerge over MOSAIC several hours following
a warm moist intrusion event associated with Clusters 1
or 2 (third column in Table 2), in addition to cases of
these 2 clusters with a potential moist continental origin.
Contribution of sublimation of precipitation from above
to the positive Ag, is supported by the air masses’ RH with
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respect to ice (RH;). The mean RH; along each trajectory
during sea-ice overpass (not shown) exhibits an average
value of 78% =+ 16% in those positive Ag, Cluster 3 cases
(uncertainty represented by the standard deviation) and
thereby supports precipitation sublimation as a potential
source of the resulting positive Ag,. For comparison, neg-
ative Ag, cases show an average RH; value of 99% + 10%.
We note that this potential precipitation sublimation
effect is not as significant in the case of Cluster 4, in which
the average RH; in positive Ag, cases is 88% =+ 16%.
Further delineation of the potential sources of positive
Ag, cases requires an Eulerian analysis using additional
spatial ERA5 data sets and is beyond the scope of this
study.

4, Discussion

Here, we presented a back-trajectory analysis of cloudy air
masses detected over MOSAIC, together with classification
of the trajectory calculation results into several categories.
Robust and consistent clustering procedures of different
parameters such as the output variables of these back-
trajectory calculations typically require the number of
samples to be greater than the number of clustered para-
meters by two or more orders of magnitude. With about
2,100 samples (number of detected cloud layers in the
sounding data set), this criterion provides a major chal-
lenge given that every 120-h back-trajectory sample in-
cludes 120 variables (for every calculated hour) per air
mass parameter (e.g., latitude, longitude, temperature).
Even with 24-h trajectory sampling steps, this criterion for
the number of variables being 2 orders of magnitude
smaller than the number of samples cannot be met. In
our analyses, we examined up to 8 different clustered
variables (not shown) but essentially found that the clus-
tering methodology did not provide consistent results (rel-
ative distribution of cluster occurrence, some cluster
properties, etc.) over a set of iterations. However, with the
limited number of 4 variables used here (At,, SIC, Ag,,
and z/PBLH) we were able to produce robust and consis-
tent clustering results. Moreover, the 4 resultant clusters
exhibit fairly distinct characteristics, separating circulating
Arctic air from continental sources as well as warm moist
intrusions onto the sea ice. Thus, we postulate that these
variables are useful for Lagrangian analyses of Arctic air
masses with reduced seasonal dependence, such as in the
analysis conducted here.

The multilayer cloud structures prevalent in Clusters 1
and 2 (Figure 1b and c) could be related to cyclones
propagating into the region providing moisture with
potentially variable spatial patterns over great atmo-
spheric depths (e.g., Woods et al., 2013; Binder et al.,
2017; Fearon et al., 2021). In addition, this high number
of multilayer cases could be related to open water patches
and leads associated with diminished sea ice cover (Figure
2d), which might consequently result in the vertical dis-
tribution of enhanced-moisture layers. However, large un-
certainties still exist concerning the impact of such open
water patches and ice leads on the formation (e.g., Zulauf
and Krueger, 2003; Kay and Gettelman, 2009) or dissipa-
tion of clouds (e.g., Li et al., 2020). Some of these ice leads

and open water patches can be transient and smaller than
the resolution of the satellite data assimilated in ERA5
(Donlon et al., 2012; Hirahara et al., 2016; see also Pinto
et al., 2003), thereby contributing to uncertainties in
atmospheric near-surface moist processes represented by
the reanalysis. By the same token, scarcity of such open
water effects could explain the relatively small numbers of
overlying cloud layers and multilayer cases in general in
the high sea-ice cover Cluster 4 (Figure 1b and c). How-
ever, the complexity of multilayer cloud dynamical and
radiative interactions, especially in the case of the com-
monly occurring Arctic mixed-phase clouds (e.g., Verlinde
et al., 2013; Chen et al., 2020), further complicates the
examination of these potential sources, and hence, likely
requires case-by-case analyses that are beyond the scope of
this study.

Evaluation of cloud layer origin in multilayer profiles
indicates that more than half (55%) of all multilayer pro-
files include cloud layers associated with more than one
cluster, suggesting differing sources and differential
advection as a function of height. Moreover, even if both
warm moist advection clusters (1 and 2) are treated as
comparable sources, more than 2 in every 5 multilayer
profiles still contain cloud layers with markedly different
air mass source properties, for example, a combination of
Clusters 1 and 4 in clouds observed in the same profiles.
These results imply that detailed case studies focusing on
the formation and evolution of Eulerian multilayer cloud
observations (or at the very least based on the MOSAIC
observations) should be performed with the required
knowledge of possibly differing overlying cloudy air mass
sources, to prevent mishandling of observational
benchmarks.

Analysis of relative changes in air mass moisture over
sea ice (Ag, depicted in Figure 2b) underscores the
importance of air mass moistening via some mixing with
water vapor originating in open water patches and ice
leads, even in the case of the air masses confined to exten-
sively covered sea-ice regions (Cluster 4). Thus, some of the
cloud observations associated with Cluster 4 could insin-
uate a local role of ice leads in the formation of clouds and
maintenance of some moisture in the air masses. The
z/PBLH analysis (Figure 2c) shows that approximately
two thirds of Cluster 4's air masses could be moistened
via some degree of interaction with the surface while
noting that this fraction value could vary to some extent
as a result of the PBLH diagnostic uncertainty discussed
above.

About one third of the air masses grouped into Cluster
4, representing approximately 7% of the trajectory data
set, do not show indications of surface coupling. These
free-atmosphere air masses typically exhibit neutral to
weak subsidence of up to approximately 0.2 cm/s (not
shown) when examined up to a few or 24 h prior to the
MOSAIC overpass, or since the last open water overpass
(for reference, the full air mass back-trajectory data set
demonstrates comparable mean upward motions of 0.2—
0.3 cm/s). Therefore, cloud formation via a weak ascent of
subsaturated air masses is also not a likely mechanism for
the formation of these cluster 4 clouds. Because these
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Figure 6. Net surface longwave radiation (LW,,.¢)
histograms for each cluster based on measurements
from the MOSAIC central observatory (see legend; bin
width of 5 W m™2). The histograms are calculated for
cloud-bearing profiles in which all the detected clouds
are associated with a single cluster. The number of
samples (N) in each cluster histogram is provided in
the legend. The shaded area designates the “radiatively
cloudy” state, determined based on LW, histogram for
the full deployment data (Figure S2). DOI: https://
doi.org/10.1525/elementa.2021.000071.f6

circulating Arctic air masses ultimately formed the
observed cloud layers over MOSAIC without advection of
moist air and/or weak ascent serving as the cloud incep-
tion mechanisms, we conclude that these clouds were
fundamentally formed via persistent radiative cooling of
elevated (stable and stratified) initially subsaturated air
masses (e.g., Simpfendoerfer et al., 2019). Considering the
prolonged periods during which some Cluster 2's air
masses are advected over non—open water surface (Figure
2a and d) and the large fraction of seemingly decoupled
cases associated with this cluster as well as the decoupled
state of all of Cluster 3's air masses (Figure 2c), it is
possible that this formation mechanism is rather frequent,
responsible for up to 1 of every 5 detected cloud layers.
A follow-up question concerning this potentially com-
mon Arctic cloud formation mechanism is whether the
ensuing clouds could be radiatively important for the sur-
face energy budget. (We note that an equivalent question
concerning the importance of these clouds for the atmo-
spheric thermodynamic profile warrants future dedicated
studies.) Figure 6 illustrates net surface longwave radia-
tion (LW,e) histograms corresponding to each of the 4
clusters in cloud-bearing profiles in which all detected
clouds are associated with a single cluster. The histograms
are based on quality-controlled surface radiation measure-
ments made commensurate with the sounding and
remote-sensing measurements at the MOSAIC central
observatory. We use the primary radiation measurements
made at the “Met City” location by the DOE Atmospheric
Radiation Measurement Program from October 16, 2019,
to May 7, 2020, and June 28, 2020, to July 14, 2020.
Additionally, measurements made by 2 Atmospheric

Surface Flux Stations (ASFS) were included to provide as
complete a record as possible: ASFS30 between May 8 to
May 18, 2020, June 16 to June 27, 2020, and August 22 to
September 20, 2020, and ASFS50 from July 15 to July 30,
2020. Measurements from these different instrument
suites were cross-validated and demonstrated high consis-
tency (not shown). The available LW,,.; measurements are
averaged in 15-min windows following radiosonde release
times, thereby covering the radiosonde ascent up to
approximately 4.3 km (cf. Silber et al., 2021a), making
these averaged samples well correspondent with the vast
majority of detected cloud layers (Figure 3c). Note that
we assume radiative uniformity over these time scales
across the LW,.; measurement suites and between these
suites and the radiosonde launches from onboard Polar-
stern (all within a few hundred meters of each other). As
a qualitative metric for the radiative importance of the
clouds, we use the LW, “radiatively cloudy” state (shaded
area in Figure 6; e.g., Stramler et al,, 2011). The lower
threshold of the “radiatively cloudy” state is set at
—-25 W m™2 based on the local minima in the full deploy-
ment's LW, histogram (Figure S2; cf. Stramler et al., 2011,
Cesana et al., 2012; Pithan et al., 2014; Silber et al., 2019a).

As demonstrated in Figure 6, the vast majority (92%)
of Cluster 1 cloudy air masses are associated with the
“radiatively cloudy” conditions at the central observatory,
whereas most Cluster 2 and 3 cases (56% and 67%, respec-
tively) are also associated with the “radiatively cloudy”
state, but with a significant percentage of cases in which
“radiatively clear” surface conditions are measured.

Cluster 4, wherein clouds are most likely to have
formed via the radiative cooling of elevated stable air
masses, shows a rather balanced occurrence of the two
radiative states, with 44% of cases being within the
“radiatively cloudy” state. The Cluster 4 clouds exhibiting
a “radiatively clear” signature would need to be tenuous
(i.e., little condensed liquid water) and/or elevated clouds,
which are typically colder relative to the surface. Since
most Cluster 4 clouds occur at low levels (Figure 3c), the
“radiatively-clear” conditions in this cluster are primarily
the product of optically thin clouds, as supported by small
liquid water paths derived from microwave radiometer
measurements (not shown). These clouds are nonetheless
more likely to induce a positive net surface radiation when
the solar zenith angle is below 90° (e.g., Turner et al.,
2007; Bennartz et al., 2013). Moreover, the early life cycle
stages of polar clouds generated via this formation mech-
anism, prior to cloud-induced turbulence onset and sig-
nificant optical thickening, can persist for extended
periods (e.g., Silber et al., 2020), especially at limited drop-
let number concentrations common to the central Arctic
region (e.g., Mauritsen et al., 2011) and lesser tempera-
tures (see Silber et al., 2020). Thus, many of the
“radiatively clear” clouds in Cluster 4 could be at a stage
before, or after, significant liquid water formation during
which time their peak radiative impact occurs.

A qualitative evaluation of the radiative significance of
Cluster 4's likely decoupled clouds (z/PBLH > 5) can be
made by examining a total of 67 samples of cloud-bearing
profiles consisting of only Cluster 4 clouds, which coincide
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with this z/PBLH criterion. We find that approximately 1
of 2 decoupled cloud-bearing profiles associated only with
Cluster 4 is within the “radiatively cloudy” state, with
4.5% of these profiles even resulting in net longwave
warming of the surface. These results provide a lower limit
to the radiative significance of these clouds and suggest
that the formation of cloud layers via persistent radiative
cooling of stable Arctic air masses can frequently impact
the surface energy budget once the formed cloud be-
comes optically thick (e.g., Simpfendoerfer et al., 2019;
Silber et al., 2020).

5. Summary

Understanding Arctic cloud life cycles requires knowledge
about their air mass origin and characteristics. Here, we
analyzed back-trajectory calculations for liquid-bearing
cloud layers detected in the MOSAIC field campaign
sounding data set to better understand the sources of air
masses that support central Arctic cloud formation. We
used a unique set of 4 air mass back-trajectory variables
to cluster this trajectory data set, resulting in a robust
product that largely separates these trajectory source re-
gions into the ice-covered Arctic, mid- to high-latitude
coastal and continental or open water regions, and low-
to midlatitude open water regions. By scrutinizing this
analysis, we find that:

e Warm moist air intrusions into the central Arctic
typically result in multilayer liquid-bearing cloud
structures with a large number of overlying layers.

e Multiple liquid-bearing cloud layers are detected
in half of the examined atmospheric profiles
containing liquid-bearing clouds, with profiles of
at least 4 overlying cloud layers occurring in
approximately 16% of all cloud-bearing profiles.

e More than half of all multilayer profiles include
cloud layers associated with different sources,
suggesting that studies based on Eulerian multi-
layer liquid-bearing cloud observations should be
performed with knowledge of cloudy air mass
trajectories and source regions to prevent mis-
handling of observational targets.

e Two thirds of the clouds observed over MOSAiC
that were associated with Arctic air circulating
over high sea-ice concentration regions (Cluster 4)
were likely partially induced or augmented by
open water patches and ice leads that moistened
the associated air masses.

e Arctic cloud formation via persistent radiative
cooling of elevated stable subsaturated air masses
can occur frequently (up to 1 of 5 cloud cases in
the MOSAIC sounding data set) and may lead to
a substantial cloud radiative impact on the
surface.

The Lagrangian analysis presented here provides a basis
for further investigations into cloudiness observed during
MOSAIC and offers context for evaluations of how repre-
sentative the MOSAIC observations are of the current state
of the central Arctic. While the air mass back-trajectory

data set is local to the MOSAIC deployment, it could be
useful for detailed case studies not only focusing on the
MOSAIC deployment but also for studies examining Arctic
cloud physics from a general Lagrangian perspective (see
also Ali and Pithan, 2020). Such studies can offer key
insight into processes involved in air mass evolution,
cloud persistence, and the net cloud impact on the Arctic
system.
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